Thermodynamic Studies On The Synthesis Of Nitrides And Epitaxial Growth Of Ingan by Monga, Zinki
University of Central Florida 
STARS 
Electronic Theses and Dissertations, 2004-2019 
2007 
Thermodynamic Studies On The Synthesis Of Nitrides And 
Epitaxial Growth Of Ingan 
Zinki Monga 
University of Central Florida 
 Part of the Materials Science and Engineering Commons 
Find similar works at: https://stars.library.ucf.edu/etd 
University of Central Florida Libraries http://library.ucf.edu 
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for 
inclusion in Electronic Theses and Dissertations, 2004-2019 by an authorized administrator of STARS. For more 
information, please contact STARS@ucf.edu. 
STARS Citation 
Monga, Zinki, "Thermodynamic Studies On The Synthesis Of Nitrides And Epitaxial Growth Of Ingan" 
(2007). Electronic Theses and Dissertations, 2004-2019. 3267. 
https://stars.library.ucf.edu/etd/3267 
THEMODYNAMIC STUDIES ON THE SYNTHESIS OF NITRIDES AND 






















A thesis submitted in partial fulfillments for the requirement  
for the degree of Master of Science  
in the Department of Mechanical, Materials and Aerospace Engineering  
in the College of Engineering and Computer Science  











































Nitride semiconductor materials have been used in a variety of applications, such as 
LEDs, lasers, photovoltaic cells and medical applications. If incandescent bulbs could be 
replaced by white GaN LEDs, they would not only provide compactness and longer lifetime, but 
this would also result in huge energy savings. A renewed interest in InGaN emerged recently 
after it was discovered that the band gap for InN is 0.7eV, instead of the previously published 
value of 1.9eV. Thus InGaN solid solutions cover almost the whole visible spectrum, from a 
band gap of 3.34eV for GaN and 0.7eV for InN. Hence, InGaN can have excellent applications 
for photovoltaic cells.  
 The objective of this work was to investigate and search for new ways of synthesis of 
nitrides. We studied the thermodynamics and evaluated chemical compatibilities for the growth 
of AlN, GaN, InN and their solid solutions from metallic solvents. The compatibility between 
potential substrate, crucible and solvent materials and various growth atmospheres was evaluated 
from Gibbs free energy calculations. Most of the nitride synthesis experiments performed by 
other groups were at higher temperatures (around 2,000oC) and pressures up to 1GPa using 
different growth methods. Therefore, their results could not be extrapolated to our growth 
system, as their growth conditions were significantly different from ours Moreover, to the best of 
our knowledge; no-one has ever evaluated such compatibilities by thermodynamic calculations. 
We used those calculations to design our experiments for further studies on nitrides. 
Experimentally, we encountered fewer issues such as corrosion problems than others observed 
with their growth procedures, because near-atmospheric pressures and temperatures not 




Preliminary experiments were performed to confirm the thermodynamic computations 
and test the behavior of the chosen system. A suitable configuration was found that allowed to 
nucleate films of InGaN on the templates. Nitride templates or ‘Buffer layers’ were used to 
saturate the solution and grow the films. A relatively simpler configuration, to create a 
temperature gradient in the solution was used. Two templates were placed in the crucible, one at 
the top and the other one at the bottom. The temperature was raised to 950oC and they were 
soaked there for 15-20hrs. After the growth the surface morphology was analyzed using an 
optical microscope and it was found to be entirely different for both the templates. The atoms 
from the top template dissolved and attached at the bottom template. This can be explained by 
the thermal gradient between the two templates: one at the bottom was at lower temperature than 
the top template, so there was diffusion from the top substrate towards the bottom one. AFM 
studies were carried out on the film to study the surface morphology of the top and the bottom 
templates. Growth hillocks having step height typically between 15 and 50 nm were observed. 
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CHAPTER 1 INTRODUCTION 
Wide band gap III-Nitrides have long been viewed as promising materials for 
semiconductor device applications in the blue and ultraviolet wavelengths. They exist in both, 
zinc-blend (cubic) and wurtzite (hexagonal) forms. In hexagonal structures the direct band gaps 
for these materials varies from 0.7eV for InN, 3.4eV for GaN, and 6.2eV for AlN, therefore they 
can be fabricated into optical devices that range from red to ultraviolet wavelengths. In cubic 
structures GaN and InN have direct bandgaps while AlN has an indirect bandgap. The shorter 
(blue and UV) wavelengths are a technologically important regions of the electromagnetic 
spectrum in which efforts to develop semiconductor devices is still challenging. Presently, the 
semiconductor optical devices operate from the IR to green wavelength region. If the range can 
be extended into the blue wavelengths, the semiconductor devices can then be operated in the 
whole visible spectrum, which would have a big impact on numerous applications. Nitrides also 
exhibit superior radiation hardness, which makes them an excellent candidate for space 
applications [1]. 
The III-nitride materials are capable of operating at high temperatures and are chemically 
inert. These materials cover almost whole of the visible spectrum and also the UV wavelengths. 
One of the important applications of III-nitride materials is in optoelectronic devices such as, 
light emitting diodes (LEDs) and lasers. LEDs are vital elements for full color displays and are 
used for signal and illumination purposes. But they have a very short lifetime, which is due to the 




In the 1960,s and 1970’s much effort was put into growing the high quality nitride 
materials. The difficulties faced were that all nitrides had high n-type background carrier 
concentrations resulting from native defects commonly thought to be nitrogen vacancies and p-
type doping could not be achieved easily. Secondly no suitable substrate material with a 
reasonably close lattice match and similar thermal coefficient was available. But in the past years 
a number of advances have been made, the room temperature background electron concentration 
of GaN films has been reduced to as little as n ~ 4X1016/cm3 and p-type GaN has been reported. 
The zinc-blend phases of GaN, AlN and InN have been reported and their properties are being 
measured [2]. 
SiC is a material, which possesses a challenge to the III-nitrides. But the main advantage 
which makes the on going research on nitrides meaningful is that they can form direct bandgap 
heterostructures. Additionally the available data suggests that nitrides have good ohmic contacts, 




1.1 Properties of III-Nitrides 
Table 1: Comparison of Properties 
Properties GaN AlN InN 






Melting Point[3], [5] >2500C ~3000 1095 
Thermal Conductivity (W/cm/C)[5] 1.3 2 0.8  
Band Gap (ev)[4] 3.43 6.2 0.7 
Electron Mobility [4] (cm2/Vs) [2] 900 300 4400 
Hole Mobility (cm2/Vs) 30 14 39 
Specific Gravity (g/cc) 6.1 1.95 - 
Specific Heat (J/gmC) [1] 0.49 0.6 0.32 
Thermal Diffusivity (cm2/s) [1] 0.43 1.47 0.2 






Lattice Constant a (300K) nm [2] 0.3189 0.3112 0.3548 
Lattice Constant c (300K) nm [2] 0.5186 0.4982 0.5760 




1.2 Potential Applications of Nitrides 
1. Light Emitting Diodes  
a) Displays  
b) Lightings  
c) Indicator lights  
d) Advertisements  
e) Traffic signals and traffic lights 
f) Light sources for accelerated photosynthesis and medical applications. 
2. Laser Diodes (LDs) 
3. Surface Acoustic Wave (SAW) sensors 
4. RF filters in mobile phones 
5. High storage capacity DVDs 
6. Nano-scale electronics 
7. Biochemical sensing applications 
8. Microwave and high power electronics for radar, satellite and wireless base stations 
9. Spin transport electronics 
10. Photodetectors for solar-blind UV detection 
11. Flame sensors for control of gas turbines or for detection of missiles 





One of the major drawbacks in the growth of III-nitride thin films is the lack of suitable 
substrate material, which has reasonably matching lattice constants and is thermally compatible. 
III-nitrides are essentially grown on sapphire commonly (0001) oriented but (21-31), (110-1) and 
(11-20) have also been tried. Also SiC44,48, Si44,45,46,47,48, GaAs45,46,47, NaCl50, GaP45,46, InP45, 
W51, ZnO49, MgAl2O448, TiO249 and MgO52 have been tried as substrate materials. The 
preference given to sapphire over the other substrate materials can be justified with its wide 
availability, hexagonal symmetry, ease of handling and stability at higher temperatures.  
 
Figure 1: Bandgaps and lattice constants of III-nitrides (solid rectangles) and of potential 
substrates for heteroepitaxy of III-nitrides (hollow circles) [6] 
Due to the lattice and thermal mismatch between III-nitrides and sapphire substrates, a 
buffer layer of the nitride material is grown prior to the growth of the actual film, this is known 
as homoepitaxy. On the other hand when a foreign substrate (other than III-nitrides) and without 











The quality of the nitride film depends largely on the substrate quality and its orientation. 
The inherent properties such as lattice constants, thermal expansion coefficients are relevant and 
deposition is also influenced by substrate surface roughness and wetting behavior. [7] 
The equilibrium structure for III-nitrides is hexagonal but when they are grown on cubic 
substrates, they grow with the cubic symmetry. This nature of growth of nitrides can be easily 
understood by considering both the wurtzite and zinc blende crystal structures. Both are the 
interpreting sub lattices of the group III and V elements, in which all the atoms are tetragonally 
arranged with four atoms of opposite species. The difference only occurs in the stacking 
symmetry along (111) axis. The growth along (111) plane does not support the growth of cubic 
structure therefore the equilibrium hexagonal structure is obtained. For growth on sapphire the 
GaN layer is compressively strained in the plane of the layer, while for growth on SiC a smaller 
tensional strain is often observed. It is possible to obtain compressively strained layers on SiC 
substrates; however, under conditions such that the lattice mismatch induced strain is not 
completely relaxed (by development of dislocations) during growth [8] 
1.4 Crystallography 
Wurtzite, Zinc blende and Rock salt are the main crystal structures of III-nitride 
materials, among which wurtzite and zinc blende are the most common ones. Wurtzite is the 
thermodynamically stable structure for GaN, AlN and InN. When an epitaxial film is grown on 
(001) plane of cubic substrates, the nitride films achieve zinc blende structure. So the stable 
wurtzite does not form here because the topological compatibility plays a major role. Talking 
about the rock salt structure, it comes into existence when the nitrides are at very high 




stacking sequence for cubic structures is ABCABC……and for hexagonal structures is 
ABABABAB……….The difference between the two structures is the one extra c plane of atoms 
that is observed in zinc blende structures, which explains the identical physical properties of both 
structures [1]. 
The space group for wurtzite structure is P63mc (C46v) and point group symmetry is c6v 
(6mm). It has a hexagonal unit cell and has lattice constants c and a. There are 6 atoms of each 
type, i.e. Ga, Al or In and N. Also there are two interpenetrating hexagonal close packed (HCP) 
sublattices. In the case of zinc blende there is a cubic unit cell and 4 atoms of each type, i.e. 4 of 
Ga, Al or In and 4 of N. The space group is F-43m and there are two interpenetrating face 
centered cubic (FCC) sublattices. The rock salt structures and each atom have six nearest 
neighbors located at the corners of an octahedron. It also has two interpenetrating FCC 
















1.5 Lattice Constant of InGaN 
The lattice constants of GaN are a1=a2= 0.3189nm and c=0.5186nm, and for InN they are 
a1=a2=0.3548 and c=0.5760nm (at 300K). For InGaN solid solutions the lattice constant will 
depend on the In:Ga ratio in the solution. If the InGaN solid solutions follow Vegard’s law, the 
lattice constant of InGaN would vary as represented in the figure 26, below. 
 
 
Figure 4: Lattice constant vs %In/ (In+Ga) (Vegard's Law) 
























1.6 Nucleation and Growth 
Phase diagrams are used to determine the growth temperature and the composition of the 
solvents and solutes for a growth process. A solvent is generally an element, compound or a 
combination of compounds while on the other hand a solute is an element or a compound that 



































Figure 5: Eutectic phase diagram10 
 
For the growth to take place, there has to be the formation of a stable nucleus in the 
solution, these nuclei grow to form the crystals. Supersaturation or undercooling is the driving 
force for this process to take place. As seen from the phase diagram (fig 4), a solution of 
composition nA is equilibrated at temperature TA, it is then cooled to a temperature TB. When the 
solution reaches TB spontaneous nucleation takes place. The region between the liquidus line and 




supersaturated or undercooled solution. The region is called metastable because a critical sized 
nucleus must form in order for the precipitation of crystalline material. If the solution volume is 
less, it has high viscosity and a low solubility; in that case the broader metastable region is 
favored. For the growth of crystals from solution, the metastable Oswald-Miers zone is 
extremely important because the growth conditions have to be controlled so that there is no 
unnecessary nucleation taking place. In crystal growth experiments homogeneous nucleation is 
very unlikely to take place; rather heterogeneous nucleation occurs at the surface of the solution, 
at the container walls or on the impurities present in the solution.  
In the phase diagram shown in figure 4, the curve 1 undergoes slow cooling from the 
temperature TB and the crystal growth takes place at very low supersaturation because of the 
formation of nucleus at point B. On the other hand if the solution is evaporated keeping the 
temperature constant, as shown in curve 2, the undercooled region is crossed and the nucleation 
takes place at point D. In the curve 3 the solution undergoes a transport reaction; it is transported 
form the hotter region to the cooler one, where the nucleation occurs.  
There are three basic methods to achieve supersaturation, as described below: 
a) Transport Techniques 
The term transport technique is used in the case where supersaturation in the solution is 
created by transporting the solute or its constituents, to colder regions. 
Below are some transport techniques that are used: 
1. Transport by a temperature gradient in bulk solutions 
2. Traveling solvent zone crystallization 




4. Vapor-Liquid-Solid mechanism 
5. Electrolytic growth in high-temperature solutions 
Transport by a temperature gradient in bulk solutions: 
The process 3 in the phase diagram (figure 4) depicts the principle of temperature 
gradient transport technique. In this case the solution of composition nc is held at a temperature 
Tc. A seed crystal is held at a temperature TE and the solution is transported by a forced 
convection or because of the temperature gradient present. The solution, which is transported, 
then becomes supersaturated at the lower temperature and crystallization takes place at the seed 
surface. The supersaturation and hence the growth rate can be changed by regulating the 
temperature difference, the area, the seed and the depth of solution. Also the seed can be rotated 
in which case a column of solution is drawn up from the region underneath.  
The crystals grown by the temperature transport technique are uniform and the dopants 
(if added) are homogeneous along the crystal dimension [10]. 
b) Slow Cooling 
Slow cooling is used extensively for achieving supersaturation in flux growth method and 





















 V is the volume of the solution (cm3) 
A is the area of the growing crystal (cm2) 




dne/dT the change in solubility per degree (g/cm3C) 
dT/dt is the cooling rate (oC/hr) 
A slower growth rate equates to higher crystal quality and larger size of crystals. There 
are various advantages of using a slow cooling technique; one of them is that a sealed crucible 
can be used so the problem of evaporation of volatile or toxic solvent or solute can be prohibited. 
For the small sized crystals and exploratory research, this technique is very appropriate. Small 
sized crystals ranging from 2 to 5 mm and new phases can be crystallized easily, which can then 
be used to characterize and measure different properties. 
One of the main disadvantages of this technique is the inhomogeneity in growth. The 
concentration of the equilibrium defects, of incorporated impurities and dopants is not uniform 
rather it varies along the whole dimension of the crystal. Reproducibility is some times quite 
difficult to achieve in this case.  
c) Solvent Evaporation 
This technique is frequently used in the case of high temperature solution growth of 













dV/dt here is the solvent evaporation rate. 
This technique has various advantages because it is carried out isothermally. The 





The evaporation rate is difficult to control and hence the growth rate. If the nature of the 
evaporating vapors is poisonous or corrosive, it may cause serious problems in open systems. 
Airflow to remove the poisonous vapors is used which causes fluctuations in temperature. So 
some closed systems have been proposed which provide evaporation control by the variation of 
temperature at which the condensation occurs.   
The nucleation in the flux evaporation technique should occur in the lower part of the 
crucible. The top surface of the solution should be warmer otherwise crystallization will take 
place at the surface and will reduce the rate of evaporation.  
1.7 Growth Techniques 
One of the biggest challenges in the growth of III-nitride materials is the lack of the 
lattice matched nitride wafers. The bulk growth techniques for these materials have not been 
fully developed yet. Epitaxial growth is therefore still limited to heteroepitaxy on foreign 
substrates, mainly sapphire and SiC. SiC has a good match when compared to sapphire but its 
drawback is its higher cost than sapphire. The very large mismatch of lattice parameters between 
III-nitrides and these substrates require novel solutions to obtain materials, which may be useful 
for device structures. Liquid Phase Epitaxy (LPE), Chemical vapor deposition (CVD), Molecular 
Beam Epitaxy (MBE), MOCVD and HVPE are some of the techniques, which are being used for 




1.7.1 Bulk Growth 
This is a seriously underdeveloped area, which has recently experienced a lot of interest. 
Slack [53] et al synthesized bulk AlN by a sublimation technique in a closed ampoule in 1974. 
The technique, which they used, can be developed to a full-scale production technique.  
Efforts to grow bulk GaN were made by a group at UNIPRESS in Poland. They have 
developed a synthesis technique from Ga solution at very high N overpressure and high 
temperature. The problem with this method is that the crystals obtained are mostly platelets of 
good quality. These platelets can be used as substrates but the problem is their size is not 
sufficient for commercialization. In addition this method is very challenging and costly. The 
material, which has been reported, is said to have some areas, which are virtually defect free. 
Suchoveyev [55] et al reported a melt growth procedure at a lower pressure (3X105 Pa) to grow 
smaller size crystals. Another technique using high pressure has been reported by Yamane et al, 
which can be used to grow GaN crystals, of size about 1mm. To grow bulk GaN, another 
technique is passing ammonia over Ga at atmospheric pressure and temperature 1000-1250oC. 
Freestanding crystal growth has been reported by Vodakov [54] et al, they have also 
demonstrated the hetero-epitaxial growth of GaN. This technique is known as sublimation 
sandwich technique, and the growth rates are quite high up to 0.5mm/hr in this technique. High 
growth rates have also been shown by a technique used by Chu [56] et al, they used the HCVD 




1.7.2 Epitaxial Growth 
The most popular substrates used for the growth of III-nitrides are sapphire and 6H-SiC. 
The lattice mismatch is very high in both the cases, so a buffer layer technique has been 
developed in order to confine most of the mismatch defects to the interface region. The buffer 
layer used is typically very thin GaN or AlN deposited in an amorphous state at low temperatures 
such as 500C. This layer crystallizes upon heating to the growth temperature, leaving a very 
defective crystalline layer, upon which a two-dimensional growth of better quality III-Nitride 
film can commence. People have also tried to use ELOG (epitaxial Layer Overgrowth 
Technique) to grow thin films, which has also been successful to some extent [4] 
Liquid Phase Epitaxy 
Very few researchers have used LPE technique to grow epitaxial nitride films. LPE yields 
traditionally thick films, which can be used as substrates for the growth of epitaxial films and 
crystals.  F. Kawamura [11] et al. were successful in growing GaN single crystals using Na flux. 
A MOCVD grown GaN thin film on sapphire substrate was used as the template. The LPE 
grown crystals or films have very low dislocation density in comparison to the crystals grown by 
MBE or MOCVD. Another successful attempt was made by C. Klemenz et al. [31] to grow GaN 
epitaxial thin films on various substrates such as sapphire, LiGaO2 and vapor grown GaN seed 
films.  
Metal Oxide Chemical Vapor Deposition (MOCVD) technique 
This technique was suggested a long time ago but, was started to be used for devices in 
80s. AlGaAs/GaAs and In related III-V materials were grown by this technique. For growth of 




hydrogen or nitrogen carrier gas, temperature used for GaN in MOCVD is around 1050oC and 
the typical growth rate around 2µm/hr. For AlGaN, additional source of trimethyl-aluminum 
(TMA) is needed. InGaN can be grown with trimethyl-indium (TMI), but the growth temperature 
used is less than 800C. AlGaN can generally be grown as a homogeneous alloy over the entire 
composition range from GaN to AlN.  
MOCVD is so far the best method to grow multilayer device structures of III-nitrides, 
and it appears to be the only technique used commercially. It is possible to grow AlGaN/GaN 
and InGaN/GaN interfaces with a roughness not worse than a couple of monolayers, using 
MOCVD.  
Molecular Beam Epitaxy (MBE) Technique 
MBE technique is also a method to grow III-Nitride layers; it is mostly used in the 
research laboratories. In this technique Ga reacts with active N2, which is a very stable molecule, 
so for this reaction to ensue, the treatment of Ga with ECR plasma is carried out to create active 
nitrogen radicals. The growth temperature used is around 600-800oC, which is lower the 
temperature used in MOCVD. NH3 is also used as a source of nitrogen and the temperature is 
raised to 900-1000oC and growth rate is 1µm/hr. The high growth temperature gives better 
quality material, by increasing the grain size and reducing the concentration of point defects. N-
type doping can be achieved with Si, just as p-type doping is attained with Mg. 
Hydride Vapor Phase Epitaxy (HVPE) Technique 
In this technique, GaCl is reacted with NH3 to fabricate GaN. GaCl is obtained by 
passing HCl over Ga at about 850oC. Or else, a solid GaCl source can also be used and heated to 




growth rate than in the case of MBE or MOCVD. Use of buffer layer is very common in these 
techniques, but in the case of HVPE, ZnO used as a buffer layer. 
A typical property of the layers grown by this method is its high conductivity, which is 
possibly due to high oxygen concentration in the layer. Doping for GaN is easily done by HVPE 
technique, n-doping can be simply controlled by the amount of oxygen present in the growth. p-
doping using Mg can be acheived by MgCl2 transport in the vapor phase, created by passing HCl 
over Mg metal. For the growth of AlGaN and AlN metallic source of Al is employed to transport 
AlCl to the growth zone.  
An interesting application of HVPE is the preparation of n-conducting, thick, crack free 
GaN layers on sapphire, with moderate dislocation density, which is less than 108 cm-2. Such 
layers may serve as conducting substrate for growth of further device structures with MBE or 
MOCVD. Another application of HVPE is the growth of high quality III-nitride laser structures. 
A GaN substrate of very low dislocation density is required, which is obtained by epitaxial layer 
overgrowth (ELOG) technique. On top of ELOG layer a thick GaN layer is grown, preferably 
with HVCD. After cooling down, the substrate can be removed, leaving a high quality GaN layer 
as a homo-substrate for further growth of the laser structure.  
Sputtering Technique 
Magnetron Sputtering is the most promising technique, but the problem with sputtered 
layers is the possibility to create point defects in the layers, due to the impinging particles in the 




1.8 Potential of Solution Growth and LPE 
Here are few reasons, why solution growth can be favored over the vapor growth 
technique: 
1. Near thermodynamic equilibrium conditions 
2. Diffusion controlled growth 
3. Highly perfect surfaced films 
4. Automatic stochiometry control 
5. Homogeneous dopant incorporation 
6. Low concentration of intrinsic and extrinsic defects 
7. Surfaces obtained are very flat 





1.9 Current Challenges of Nitride Synthesis 
The use of low temperature and ambient pressure conditions for the growth of III nitride 
materials has not gained much interest because of their high thermal stability and lack of 
incorporation of nitrogen during the growth. When nitrogen is provided through air it cannot 
penetrate into the melt to react and form nitrides, which is why we are actually supplying 
nitrogen from within the melt in the from of atomic nitrogen, so that it can react easily and form 
nitrides. Various groups have used high temperature and high-pressure conditions to grow the 
nitride materials. Here is a summary of what has been done already and what the challenges 
were: 
F. Kawamura et al. [11] have grown 12x5x0.8 mm GaN single crystal using Liquid Phase 
Epitaxy (LPE) technique using Na flux. They used MOCVD deposited 3µm thick GaN film on 
sapphire substrate as the seed crystal. It has been shown by, D. Elwell and H.J. Scheel [10] that 
the dislocation density in the solution grown crystals is less than those grown in vapor phase, that 
is one of the reasons that we chose solution growth.  They have used pure nitrogen and 40% 
ammonia in nitrogen as the nitrogen source to grow GaN. The reaction temperature used was 
~800oC and the gas pressure was 50atm for pure nitrogen and 5atm for the mixture of gases used 
in the growth system for 96 hrs. The GaN film grown by LPE was larger in the horizontal 
direction and thicker in the vertical direction than the film grown by MOCVD. SEM images 
show hexagonal facets on the bulk GaN, which depicts nucleation during the growth period. On 
chemically etching the films grown by LPE and by MOCVD to see the dislocation density, the 
etch pits in the case of LPE were much less than those seen in the MOCVD film. The 




techniques, the PL intensity of GaN film grown by LPE method was 40 times (~ 360 nm) 
stronger than the film grown using MOCVD method. This proved that crystals grown by LPE 
were of better quality than those grown by using MOCVD.  
A. Tanaka et al. [12] grew GaN crystals using solution growth. They did not use the 
thermal gradient as the driving force for the crystal growth instead chemical reaction creating 
GaN solute was used as the motivating force. The basic idea was to create supersaturation on the 
substrate by the reaction between Ga solution and NH3. The growth system used was tilted by 
30-arc degree from horizontal and the crucible was rotated at 1rpm. A carbon crucible coated 
with BN was used in order to avoid the Ga melt diffusion into the carbon crucible, which occurs 
in the NH3 atmosphere. A 6H-SiC substrate was used and Ga melt was put onto the substrate. 
They used a quartz chamber to place the crucible and filled it with nitrogen gas. Crucible was 
rotated to ensure the uniform spreading of Ga melt on the surface. NH3 gas was diluted with N2 
gas and was introduced into the reaction chamber using a smaller quartz tube. The temperature 
used was 980oC and the experiment was performed in the atmospheric pressure. The results have 
been discussed for the growth experiments on stationary substrates as well as rotating substrates. 
Various grains of different sizes were obtained, which were c-oriented GaN crystals. The value 
of the epitaxial layer thickness depends upon factors such as: reaction rate, rotation rate, 
atmospheric conditions, fluid properties of solution etc. XRD studies revealed two peaks for 
GaN and one peak for 6H-SiC. This analysis shows that the epitaxial film did not cover the 
whole substrate; it was bare at some places. 
Some researchers like M. Shibata et al [13] carried out the growth of GaN powder at 




and raised the temperature to the desired value. To overcome the problem of Ga2O3 layer 
formation on the melt H2 gas was flowed over the surface of Ga melt using a quartz pipe. After 
the temperature reached 900-980oC the flow of H2 was discontinued and instead NH3 gas was 
used, the quartz pipe was placed in the melt so that NH3 can enter the melt. After 4.5-7.5 hrs the 
pipe was removed and the chamber was closed and furnace was set to cool down. Fine GaN 
powder was obtained and was characterized using SEM, XRD, PL, EDX and FXA etc. SEM 
results showed that the size of crystallites was ~10 µm and XRD data confirmed the hexagonal 
GaN. The GaN powder obtained was 99.9% pure. So basically this technique can not be used for 
the growth of bulk crystals and hence can not be put into commercialization because the product 
obtained was GaN powder, though it can be used to make GaN samples by sintering. 
Rajiv et al [14] used temperatures >1500oC and pressures upto 65kbar and obtained good 
quality crystals. They used GaN pellet as the source for atomic nitrogen and a temperature 
gradient was maintained in the reaction chamber. The higher temperature was in the GaN pellet 
region so that nitrogen could diffuse to the lower temperature region and react with molten Ga to 
form GaN crystals. XRD and SEM studies revealed that the crystals obtained were single 
crystalline and had plate-like shapes with size ~600 – 800µm. The crystals obtained were of 
small size and had plate-like shapes. The plate-like morphologies are considered to be a sign of 
unstable growth, so the challenge here is to grow large sized and high quality crystals. 
M. Aoki et al. [15] grew bulk GaN crystals of maximum 10mm size at temperatures 750-
800oC and 0.1 Mpa, 5Mpa and 10Mpa of N2 pressures. Na flux was used and Na-Ga melts were 
heated for 200-300hr at desired temperature and pressure. Ta crucible was loaded with GaN 




dissolution mass of GaN. The nitrogen solubility increases by adding Li3N and colorless, 
transparent crystals can be obtained. Previously grown GaN crystals were attached with the wire 
to a seed holder and used as seeds. Gradient in temperature was created, with 800oC at the 
bottom of the crucible and 730-800oC at the top. Various experiments were performed using Na-
Ga melt and Na melt and it was demonstrated that GaN is more soluble in Na-Ga melt than in Na 
melt. In this particular work the GaN crystals do not grow by a chemical reaction between the 
above-mentioned chemicals but they recrystallize by supersaturation in the solution. The 
supersaturation takes place because of the temperature gradient between the top and the bottom 
of the crucible. 
M. Onda et al. [16] have illustrated that by using low temperatures, by carefully 
controlling the nitrogen pressure and by using Na flux, bulk single crystals of GaN can be grown. 
The maximum size of the crystals they obtained was 3mm and the smaller crystals had size 0.5-
2mm. The low nitrogen pressures at the beginning of the experiment controlled the nucleation of 
GaN, the pressure was then gradually increased to enhance the growth rate of GaN crystals. This 
study also proved that ammonia gas is better as compared with nitrogen gas in its reactivity to 
molten Ga. At low pressures ammonia reacts with Ga melt while nitrogen does not. Various 
series of experiment was performed using different gas pressures. The nitrogen gas pressure was 
increased slowly form 45-75 atm in 192 hr in one experiment, it gave the maximum sized 
crystals when compared with the ones at pressures 45atm and 75atm. Best results were obtained 
when a mixture of ammonia and nitrogen gases was used. Single crystals of GaN were obtained 




dimension of the single crystals obtained was small and high pressures of gas have to be applied 
to get higher quality crystals. 
H.Yamane et al [17] also used Na flux method, they grew bulk GaN single crystals at 
temperatures 600-800oC in a stainless steel chamber.  NaN3 and Ga were the starting materials 
used and they were heated to the desired temperature in nitrogen atmosphere. GaN crystals 
obtained were characterized using XRD and SEM, electrical conductivity and Hall 
measurements were made. The X-ray studies showed that the samples obtained were mainly 
consisting of wurtzite GaN and there were also some intermetallic phases that were unstable and 
decomposed. The GaN crystals obtained in this work were n-type and their shapes changed from 
prismatic to platelet depending upon the increase in the Na/ (Na+Ga) molar ratio. 
 I. Grzegory et al. [18] attempted grow the GaN crystals at high nitrogen pressure 
~15kbar, they could grow single crystalline platelets of size ~10mm without intentional seeding. 
A single hexagonal needle was used for the bulk crystal growth. In the case of unintentional 
seeding Ga melt was heated under high nitrogen pressure, on reacting with nitrogen it formed a 
layer of GaN on the surface and the nitrogen could not penetrate in the remaining Ga, hence 
refraining the reaction to take place. To avoid this situation they used a temperature gradient so 
that the GaN formed at the hotter places melts and gets transported to the cooler regions to 
crystallize. The crystals obtained had wurtzite morphology and were transparent, colorless with 
flat faces. The supersaturation of the melt has to be controlled in order to avoid unstable growth 
such as growth near the edges and corners of the growing crystals. On the other hand in the case 
of seeded growth they used a vertical crucible and introduced a hexagonal needle in the cooler 




the instability in the growth and they concluded that it was because of the small size of the 
crucible while the size of the crystal growing was quite large. We think it was due to the 
uncontrolled supersaturation of the melt; supersaturation and nucleation sites need to be 
controlled in order to have uniform crystals. 
V. Noveski [19] et al. grew AlN crystals using sublimation technique at 1,800-2,000oC 
and 600 torr nitrogen pressure. They used a temperature gradient in the solution to grow the 
crystals. An AlN film was deposited on SiC substarte by MOCVD technique at temperature 
~1,100oC. Then these AlN coated SiC substrates were glued to a cap using sugar and the cap was 
placed on the top of crucible. The growth time was 36hr and the source to seed distance was 
~10mm. Various experiments were performed at different temperatures and source to seed 
distances. At temperatures 1,820-1,830oC, alloys of AlN and SiC were formed, which had 
hexagonal morphologies. Around 1,850-1,870oC single crystalline AlN crystals were obtained 
and at 1,920-1,930oC the density of single crystalline AlN increased but once the temperatures 
went above 1,930oC the crystals became polycrystalline. The AlN crystals were not really good 
quality, some cracks or holes were visible in them, but on the other hand it had some step growth 
also.  
An effort to grow single crystalline bulk AlN samples by sublimation re-condensation 
technique was made by C.M. Balkas et al. [20]. They used sintered AlN as the source material 
and the temperature range was 2,100-2,150oC with a growth rate of 500µm/hr and at 500 torr 
nitrogen pressure. The crystals grown at higher temperatures incorporated impurities of Si and C 
from SiC coatings on the graphite crucible and had some blue green colors. They used graphite 




difficult, a graphite crucible without any coating was not stable at higher temperatures. SiC 
coatings were done by CVD technique, but they had fewer lifetimes, after a few experiments 
they came off due to the reactions with Al. The seed crystals used to grow AlN were SiC wafers, 
because they have less lattice mismatch and are stable at higher temperatures. The source to seed 
distance was varied from 1-40 mm for different experiments but distances ranging from 1-5 mm 
were ideal for all the temperatures. They could obtain hexagonal bars and platelets of single 
crystalline AlN but they often splintered upon cooling.  They attempted to grow crystals also at 
temperatures 1,950-2,050oC which were transparent. High temperatures and pressures for the 
growth were used so they faced problems in finding suitable crucible material; that is one of the 
reasons why we are using low temperatures and near-atmospheric pressures for growth. 
M. Brokowski [21] et al. made an attempt to grow single crystalline AlN at high 
temperatures of 2,000oC and pressure 1 GPa. Needle like and bulk crystals of the order of 1cm 
and 1mm were obtained. Pure Al pallets were taken and ultrasonically cleaned in acetone and 
placed in BN crucible. The temperature gradient in the solution was used, two cases were 
considered, in one case the cooler region was the top of the crucible and in the other one the 
cooler region was the bottom of the crucible. In the case of cooler zone being at the top, the 
crystals obtained were needle shaped and in the situation of cooler region at the bottom they 
obtained bulk crystals, but these bulk crystals were unstable. Basically in the first case the super 
saturation in the solution was very high, so there was formation of needles but in the other case 
the supersaturation decreased and hence they got bulk crystals. The time for the growth varied 
from 50-200hrs typically. They have considered the formation of AlN crystals in four steps, first 




to the cooler region where it recrystallizes. The AlN formed at the surface when melts at higher 
temperatures, it generates atomic nitrogen in the solution which reacts with the melt and AlN re-
crystallizes. Overall the bulk crystals obtained were irregular in shape and hollow, also they were 
vastly unstable. 
I. Grzegory et al. [22] have attempted to consider the thermodynamic properties of AlN, 
InN and GaN and then tried to grow crystals from the Al, Ga and In solutions at high nitrogen 
pressures. They have related the different growth habits of various nitrides to the difference in 
their thermodynamic properties. Because of their high bonding energies theses materials are 
relatively very stable. BN crucibles were used to grow the nitrides with a temperature gradient 
under nitrogen pressure. At high nitrogen pressures the crystallization rate of AlN was very high 
they even encountered an explosion. But at pressures higher than 6.5 kbar there was an AlN layer 
formation on the surface of the melt, which inhibits further reaction. In the case of InN, there 
were kinetic and thermodynamic barriers for the growth hence only small crystallites were 
observed. For the growth of GaN the temperatures considered were ranging from 1,300-1,600oC 
and the pressure was 8-17Kbar. GaN single crystals were obtained by crystallization, dissolution 
in the hotter region and re-crystallization in the cooler region.  The crystals obtained had shapes 
such as hexagonal prism elongated in c-direction and hexagonal plates under near equilibrium 
conditions. They have experienced that the crystals grown slowly with lower supersaturation 
were much of better quality and they were transparent. While on the other hand the crystals 
grown at higher growth rates with high supersaturation were not of good quality.  
B.N. Feigelson and co workers [23] grew the bulk GaN crystals from solid GaN 




and fluoride salts and there was no Ga present in the solvent. Temperature gradient was used to 
transport the molten GaN from hot region to cooler region where it crystallized. The crystals 
obtained were 0.5mm long, 0.1 mm in diameter and the morphology was rhombic. The solvent 
was prepared in the glove box under nitrogen atmosphere with Li3N and alkali and alkaline 
fluoride salts (LiF, BaF2). The solvent was melted at 750-810oC under the nitrogen atmosphere. 
On cooling the solvent was put into a tungsten crucible and placed in glove box. Then the 
crucible and a tablet of GaN (which was attached to a rod) were loaded in a “high pressure 
Czokralski puller.” The GaN powder was sintered in a high temperature high-pressure equipment 
to form the GaN tablets. The nitrogen pressure inside the CZ chamber was 26atm and the solvent 
was again heated to 800oC in the tungsten crucible, the GaN tablet was put in the molten solution 
and kept for 1hr. The power was turned off and the system was cooled rapidly to room 
temperature. There was a temperature gradient between the bottom and the top of the crucible. 





Table 2: Literature Review 
Method LPE Super GaN Super Bulk
(Na flux) saturation powder saturation Crystal
by chemical formation by chemical Growth
reaction reaction
Solvent Na Ga Ga Ga Na-Ga,
Li3N and
NaN3
Substrate MOCVD SiC None GaN Pellet GaN crystal
grown GaN as seed
film on crystal
sapphire
T ( oC ) 800 980 900-980 >1500 750-800
Pressure(MPa) 5.066 NM NM 65x10^2 0.1, 5, 10




Product Hexagonal c-oriented Fine Single Bulk GaN
facets, PL GaN powder,size crystalline crystals of
density crystals, ~10um,XRD and plate size 10mm
higher than 4mm confirmed shaped were grown
MOCVD hexagonal ~600mm to
grown films GaN 800mm
Rate/Time 96hr 30hr 4.5-7.5 hr 200-300 hr 200-300 hr




Method Bulk Bulk Super Sublimation
Crystal Crystal saturation recondensation
Growth Growth by temperature technique
gradient
Solvent Na Ga Ga Al
Substrate None Unseeded MOCVD Sintered AlN
and seeded AlN deposited as source and
growth on SiC SiC wafers
T ( oC ) 800 1475 1800-2000 2100-2150
Pressure(Mpa 4.56-7.59 1500 0.0799 0.0667





Product Large ~10mm Some step Hexagonal
crystals of sized growth on the bars and
3mm and wurtzite crystals and platelets of AlN
small GaN also some but splintered
crystals of crystals cracks and on cooling
0.5-2mm holes
Rate/Time 192 hr NM 36 hr 500 um/hr




Motivation behind choosing this method: 
After carefully considering the advantages and drawbacks of the research done in the 
field, we decided to use low temperatures (~1000oC) and near atmospheric pressures. There were 
a few reasons behind that: first of all, according to the previous investigations, the growth system 
should be able to withstand high pressures (up to 1GPa) and temperatures (up to 2,000oC). It is 
very expensive to fabricate a system with high temperature and pressure requirements. In the 
literature many authors have pointed out that the incorporation of nitrogen inside the melt is very 
difficult at low pressure and temperature conditions. Therefore to overcome this drawback of low 
temperature and pressure environments, we used a source of atomic nitrogen from within the 
melt in the form of MOCVD grown films of InGaN and GaN on sapphire templates and NH3 
from the decomposition of NH4Cl. Also it has been noticed that at low pressures ammonia can 
react easily with the melt rather than nitrogen so using ammonia from within the melt and atomic 
nitrogen source was a solution to that problem also. The reason behind not using ammonia in the 
gas form was that it is very corrosive in nature and can cause corrosion of crucible, substrate and 
the exhaust system. Another issue that was addressed is that researchers had difficulties finding a 
suitable crucible material for the high temperature conditions. As C.M. Balkas [20] described in 
their works, that they had problems with the SiC coated graphite crucible at high temperatures. 
They observed incorporation of Si and C impurities in the crystals, also these coatings had very 
less lifetime and they tend to come off after a few uses. We had a flexibility to choose the 
materials, as we were working at relatively lower temperatures and near atmospheric pressures. 




conditions. Therefore, taking all these observations into account, we used low temperature and 
near equilibrium pressure conditions for the growth.  
A simple configuration of the system was used to grow the epitaxial films. Two sapphire 
templates were used; one was placed at the bottom of the crucible and the other at the top. A 
thermal gradient between two templates was generated, as the template at the top was at higher 
temperature and the one at the bottom was at lower temperature. The atoms moved from the top 
template to the bottom one and attached there. The movement of the atoms was driven by the 
diffusion created between the templates due to the temperature gradient among them. This study 




CHAPTER 2 THERMODYNAMIC STUDIES 
The aim of this study was to investigate potential solvents and solvent mixtures, and the 
compatibility with crucibles, substrates, and growth atmosphere at high temperature. There have 
been few studies on solvents for nitrides, because of the challenges involved. We have 
investigated different metallic solvents and solvent mixtures. Since there are many possibilities, 
thermodynamic (theoretical) studies are essential. 
Potential solvents include Al, Ga and In, crucible materials under consideration were 
SiO2, Al2O3, graphite and BN etc. When reactive atmosphere is used, the crucibles and substrates 
need to be corrosion resistant to the reactive gas atmosphere. This corrosion resistance and 
compatibility can be checked by thermodynamic calculations. The crucibles should not be 
attacked by the solvents used also. 
In this study data on Gibbs free energy of formation for various chemical species as a 
function of temperature has been collected from the all available sources. The temperature 
investigated ranges from 298.15 to 1300 K and Gibbs free energy is given in Kcal/mol in the 
tables and graphs. 
In 1870s an American physicist, Willard J. Gibbs derived the mathematical relationship 
for Gibbs free energy. The Gibbs free energy can be defined as the work exchanged by a system 
with its surroundings, in going from initial state to the final state. 
∆G = ∆H - T∆S 
where (in SI units) 




H is the enthalpy (joules/mol)  
T is the temperature (kelvins)  
S is the entropy (joules/kelvin/mol) 
The change in Gibbs free energy gives the information that will the reaction is favorable or not.  
For our reactions, we can thus write: 
∆Grxn = ∆GR,T = ∆G(products) - ∆G(reactants) 
In this study, above reactions were also used to determine the most likely reactions at a given 
temperature. 
1. ∆G < 0, the negative Gibbs free energy implies that the free energy of reactants is 
more than that of the products. More Gibbs free energy of the reactants means that they are less 
stable; hence they undergo a reaction to form products. The reaction is favorable and it will 
proceed in the forward direction. 
2. ∆G > 0, Positive Gibbs enegy reflects that the products are less stable i.e. the free 
energy of products is more than the reactants. So the reaction can proceed in the backward 
direction but it will not be possible in the forward direction. 




2.1 Compatibility between Crucible Materials and Potential Reactants 
The crucible corrosion is an important problem, as corrosion products may enter as 
dopants in the films and thereby deteriorate the semiconducting properties of the nitride films. 
The crystal growth experiments carried out at high temperatures are mostly performed 
using containers i.e. crucibles or ampoules. So the crucible or the ampoule in consideration 
should be resistant to corrosion by the solvent, solute and the atmosphere. Also it should be easy 
to fabricate, possesses good mechanical properties, thermal shock resistant, should have a good 
lifetime and in the end can be cleaned easily.  
Most of the above stated requirements are met by graphite and quartz. Generally graphite 
crucibles are used for the materials that are stable in reducing atmosphere and have a low 
tendency towards carbide formation. Quartz crucibles are used for certain semiconductors and 
also for metallic melts that do not cause reduction. As quartz can not be used for oxides and for 
oxide melts so platinum is used instead, which is corrosion resistant and can withstand high 
temperatures.  
Basically, the bonding type of the crucible and the solvent or solute should be different so 
that there is no reaction between them. As a general rule in solid-state reactions, the reaction 
between the compounds that have same bonding type starts at temperature 0.3-0.4 TF for metals, 
0.6 TF for ionic compounds and 0.8-0.9 TF for silicates. Where, TF is the mean absolute melting 
point of the components under consideration. So the same bonding type crucibles can be used as 
long as the above rule is being followed. 




Table 3: NH4Cl = NH3+HCl 
T (K) Gf (NH4Cl)[24] Gf (NH3)[25], [26] Gf (HCl)[25], [27] ∆Grxn (kcal/mol) 
298.15 -48.725 -3.929 -22.77 22.026 
300 -48.559 -3.886 -22.781 21.892 
400 -39.631 -1.44 -23.011 15.18 
500 -30.843 1.124 -23.223 8.744 
600 -22.187 3.769 -23.418 2.538 
700 -13.531 6.47 -23.647 -3.702 
800 -4.875 9.21 -23.859 -9.925 
900 3.781 11.975 -24.071 -16.148 
1000 12.437 14.76 -24.283 -22.371 
1100 21.093 17.545 -24.495 -28.594 
1200 29.749 20.33 -24.707 -34.817 
1300 38.405 23.115 -24.919 -41.04 
The decomposition of NH4Cl gives NH3 and HCl, but as it is clear from the table 3 that 
the reaction does not take place till 600K because ∆Grxn is positive and from the trend we can 
make out that the ∆Grxn is decreasing and when it becomes negative, the reaction will take place. 
Also we know that the decomposition temperature of is around 520K, so the reaction will be 
feasible at high temperatures. 
Table 4: SiO2+4/3NH3 = 1/3Si3N4+O2 
T (K) G (SiO2) G(4/3NH3) [25] G(1/3Si3N4) G(rxn) 
298.15 -204.749 -5.23867 -53.8967 156.091 
300 -204.668 -5.18133 -53.842 156.0073 
400 -200.308 -1.92 -50.8427 151.3853 
500 -195.95 1.498667 -47.8123 146.639 
600 -191.617 5.025333 -44.7737 141.818 
700 -187.315 8.626667 -41.7317 136.9567 
800 -183.049 12.28 -38.6897 132.0793 
900 -178.841 15.96667 -35.654 127.2203 
1000 -174.663 19.68 -32.6177 122.3653 
1100 -173.663 23.39333 -29.5813 120.6883 
1200 -172.663 27.10667 -26.545 119.0113 
1300 -171.663 30.82 -23.5087 117.3343 
 





Table 5: SiO2+4/3NH3 = SiH4+2/3N2+O2 
T (K) G (SiO2) G(4/3NH3) G(SiH4) [25],[26] G(rxn) 
298.15 -204.749 -5.23867 13.575 223.5627 
300 -204.668 -5.18133 13.608 223.4573 
400 -200.308 -1.92 15.534 217.762 
500 -195.95 1.498667 17.639 212.0903 
600 -191.617 5.025333 19.851 206.4427 
700 -187.315 8.626667 22.135 200.8233 
800 -183.049 12.28 24.464 195.233 
900 -178.841 15.96667 26.815 189.6893 
1000 -174.663 19.68 29.188 184.171 
1100 -173.663 23.39333 31.561 181.8307 
1200 -172.663 27.10667 33.934 179.4903 
1300 -171.663 30.82 36.307 177.15 
 
∆G>0, shows no reaction between quartz and ammonia gas. The reactants in table 4 and 5 
are same but we have considered different possibilities of products formation in order to ensure 
that there is no reaction taking place. 
Table 6: SiO2+4HCl = SiH4+2Cl2+O2 
T (K) G (SiO2) G(4HCl) G(SiH4) G(rxn) 
298.15 -204.749 -91.08 13.575 309.404 
300 -204.668 -91.124 13.608 309.4 
400 -200.308 -92.044 15.534 307.886 
500 -195.95 -92.892 17.639 306.481 
600 -191.617 -93.672 19.851 305.14 
700 -187.315 -94.404 22.135 303.854 
800 -183.049 -95.088 24.464 302.601 
900 -178.841 -95.74 26.815 301.396 
1000 -174.663 -96.364 29.188 300.215 
1100 -173.663 -96.988 30.188 300.839 
1200 -172.663 -97.612 31.188 301.463 
1300 -171.663 -98.236 32.188 302.087 
 




Table 7: SiO2+4HCl = SiCl4+2H2+O2 
T (K) G (SiO2) G(4HCl) G(SiCl4) [27] G(rxn) 
298.15 -204.749 -91.08 -148.856 146.973 
300 -204.668 -91.124 -148.797 146.995 
400 -200.308 -92.044 -145.609 146.743 
500 -195.95 -92.892 -142.441 146.401 
600 -191.617 -93.672 -139.3 145.989 
700 -187.315 -94.404 -136.177 145.542 
800 -183.049 -95.088 -133.071 145.066 
900 -178.841 -95.74 -129.977 144.604 
1000 -174.663 -96.364 -126.892 144.135 
1100 -173.663 -96.988 -123.807 146.844 
1200 -172.663 -97.612 -120.722 149.553 
1300 -171.663 -98.236 -117.637 152.262 
 
 
Table 8: Al2O3+2NH3 = 2AlN+3H2+3/2O2 
T (K) G(2NH3) G (Al2O3) [24],[28] G(2AlN) [25] G(rxn) 
298.15 -7.858 -378.172 -136.376 249.654 
300 -7.772 -378.033 -136.284 249.521 
400 -2.88 -370.512 -131.26 242.132 
500 2.248 -362.982 -126.182 234.552 
600 7.538 -355.478 -121.098 226.842 
700 12.94 -348.009 -116.018 219.051 
800 18.42 -340.574 -110.946 211.208 
900 23.95 -333.161 -105.876 203.335 
1000 29.52 -325.397 -100.44 195.437 
1100 35.09 -324.397 -95.004 194.303 
1200 40.66 -323.397 -89.568 193.169 
1300 46.23 -322.397 -84.132 192.035 
 








Table 9: Al2O3+6HCl = 2AlCl3+3H2+3/2O2 
T (K) G (Al2O3) G(6HCl) G(2AlCl3) [27] G(rxn) 
298.15 -378.172 -136.62 -301.17 213.622 
300 -378.033 -136.686 -300.946 213.773 
400 -370.512 -138.066 -288.96 219.618 
500 -362.982 -139.338 -278.484 223.836 
600 -361.982 -140.508 -268.008 234.482 
700 -360.982 -141.606 -257.532 245.056 
800 -359.982 -142.632 -247.056 255.558 
900 -358.982 -143.61 -236.58 266.012 
1000 -357.982 -144.546 -226.104 276.424 
1100 -356.982 -145.482 -215.628 286.836 
1200 -355.982 -146.418 -205.152 297.248 
1300 -354.982 -147.354 -194.676 307.66 
 
∆G>0, so alumina and HCl do not react. 
Table 10: C+1/2Al2O3 = AlC+3/4O2 
T (K) G(1/2Al2O3) G(AlC) [25] G(rxn) 
298.15 -189.086 151.314 340.4 
300 -189.017 151.23 340.2465 
400 -185.256 146.713 331.969 
500 -181.491 142.215 323.706 
600 -177.739 137.75 315.489 
700 -174.005 133.318 307.3225 
800 -170.287 128.926 299.213 
900 -166.581 124.574 291.1545 
1000 -162.699 120.451 283.1495 
1100 -158.817 121.451 280.2675 
1200 -154.935 122.451 277.3855 
1300 -151.053 123.451 274.5035 
 







Table 11: C+SiO2 = CO2+Si 
T (K) G (SiO2) G(CO2) [24], [28] G(rxn) 
298.15 -204.749 -94.258 110.491 
300 -204.668 -94.259 110.409 
400 -200.308 -94.326 105.982 
500 -195.95 -94.389 101.561 
600 -191.617 -94.447 97.17 
700 -187.315 -94.499 92.816 
800 -183.049 -94.545 88.504 
900 -178.841 -94.584 84.257 
1000 -174.663 -94.619 80.044 
1100 -173.663 -94.654 79.009 
1200 -172.663 -94.689 77.974 
1300 -171.663 -94.724 76.939 
 
Quartz and graphite also do not react. 
 
Table 12: C+2/7Al2O3 = 4/7AlC+ 3/7CO2 
T (K) G(2/7Al2O3) G(4/7AlC) G(3/7CO2) G(rxn) 
298.15 -108.049 86.46514 -40.3963 154.118 
300 -108.009 86.41714 -40.3967 154.0299 
400 -105.861 83.836 -40.4254 149.2711 
500 -103.709 81.26571 -40.4524 144.5224 
600 -101.565 78.71429 -40.4773 139.8021 
700 -99.4311 76.18171 -40.4996 135.1133 
800 -97.3069 73.672 -40.5193 130.4596 
900 -95.1889 71.18514 -40.536 125.838 
1000 -92.9706 68.82914 -40.551 121.2487 
1100 -90.7523 66.47314 -40.566 116.6594 
1200 -88.534 64.11714 -40.581 112.0701 









Table 13: C+4HCl = CCl4+2H2 
T (K) G(4HCl) G(CCl4) [27], [26] G(rxn) 
298.15 -91.08 -15.604 75.476 
300 -91.124 -15.501 75.623 
400 -92.044 -11.057 80.987 
500 -92.892 -7.747 85.145 
600 -93.672 -4.485 89.187 
700 -94.404 -1.262 93.142 
800 -95.088 1.928 97.016 
900 -95.74 5.093 100.833 
1000 -96.364 8.232 104.596 
1100 -96.988 11.371 108.359 
1200 -97.612 14.51 112.122 
1300 -98.236 17.649 115.885 
 



































Al2O3+6HCl = 2AlCl3+3H2+3/2O2 SiO2+4/3NH3 = 1/3Si3N4+2H2+O2
SiO2+4/3NH3 = SiH4+2/3N2+O2 SiO2+4HCl = SiH4+2Cl2+O2
SiO2+4HCl = SiCl4+2H2+O2 Al2O3+2NH3 = 2AlN+3H2+3/2O2
C+1/2Al2O3 = AlC+3/4O2 C+SiO2 = CO2+Si
C+2/7Al2O3 = 4/7AlC+3/7CO2 C+4HCl = CCl4+2H2
 




2.2 Compatibilities with the Metallic Solvents 
In this section the reactions of the solvent with the other components and crucibles has 
been discussed. The crucible used should not react with the solvent, and there should be a 
reaction between solute and solvent. 
Table 14: Al+NH3 = AlN+3/2H2 
T (K) G (NH3) G (AlN) Grxn 
298.15 -3.929 -68.188 -64.259 
300 -3.886 -68.142 -64.256 
400 -1.44 -65.63 -64.19 
500 1.124 -63.091 -64.215 
600 3.769 -60.549 -64.318 
700 6.47 -58.009 -64.479 
800 9.21 -55.473 -64.683 
900 11.975 -52.938 -64.913 
1000 14.76 -50.22 -64.98 
1100 17.545 -47.502 -65.047 
1200 20.33 -44.784 -65.114 
1300 23.115 -42.066 -65.181 
From the table 14 ∆G<0, the reaction is feasible and it will take place in forward 
direction. 
Table 15: Al+3HCl = AlCl3+3/2H2 
T (K) G (3HCl) G (AlCl3) G (rxn) 
298.15 -68.31 -150.585 -82.275 
300 -68.343 -150.473 -82.13 
400 -69.033 -144.48 -75.447 
500 -69.669 -139.242 -69.573 
600 -70.305 -138.242 -67.937 
700 -70.941 -137.242 -66.301 
800 -71.577 -136.242 -64.665 
900 -72.213 -135.242 -63.029 
1000 -72.849 -134.242 -61.393 
1100 -73.485 -133.242 -59.757 
1200 -74.121 -132.242 -58.121 




Al gives AlCl3 on reacting with HCl, as is clear from table 17, ∆G<0 
Table 16: Al+SiO2 = 1/2Al2O3+3/4Si 
T (K) G(SiO2) G(1/2Al2O3) G(rxn) 
298.15 -204.749 -189.086 15.663 
300 -204.668 -189.017 15.6515 
400 -200.308 -185.256 15.052 
500 -195.95 -181.491 14.459 
600 -191.617 -177.739 13.878 
700 -187.315 -174.005 13.3105 
800 -183.049 -170.287 12.762 
900 -178.841 -166.581 12.2605 
1000 -174.663 -162.699 11.9645 
1100 -170.485 -158.817 11.6685 
1200 -166.307 -154.935 11.3725 
1300 -162.129 -151.053 11.0765 
 
Table 17: In+3/4SiO2 = 1/2In2O3+3/4Si 
T (K) G(3/4SiO2) G(1/2In2O3) [24] G(rxn) 
298.15 -153.562 -99.2685 54.29325 
300 -153.501 -99.198 54.303 
400 -150.231 -95.3985 54.8325 
500 -146.963 -91.4965 55.466 
600 -143.713 -87.57 56.14275 
700 -140.486 -83.673 56.81325 
800 -137.287 -79.804 57.48275 
900 -134.131 -75.958 58.17275 
1000 -130.997 -72.1365 58.86075 
1100 -127.864 -68.315 59.54875 
1200 -124.73 -64.4935 60.23675 
1300 -121.597 -60.672 60.92475 
 
The tables 16 and 17 show that the metallic solvents do not react with the quartz liner, 






Table 18: In+1/2Al2O3 = 1/2In2O3+Al 
T (K) G(1/2Al2O3) G(1/2In2O3) G(rxn) 
298.15 -189.086 -99.2685 89.8175 
300 -189.017 -99.198 89.8185 
400 -185.256 -95.3985 89.8575 
500 -181.491 -91.4965 89.9945 
600 -177.739 -87.57 90.169 
700 -174.005 -83.673 90.3315 
800 -170.287 -79.804 90.483 
900 -166.581 -75.958 90.6225 
1000 -162.699 -72.1365 90.562 
1100 -158.817 -68.315 90.5015 
1200 -154.935 -64.4935 90.441 




Table 19: In+NH3 = InN+3/2H2 
T (K) G(NH3) G(InN) [25] G(rxn) 
298.15 -3.929 -22.257 -18.328 
300 -3.886 -22.209 -18.323 
400 -1.44 -19.58 -18.14 
500 1.124 -16.819 -17.943 
600 3.769 -14.005 -17.774 
700 6.47 -11.193 -17.663 
800 9.21 -8.39 -17.6 
900 11.975 -5.593 -17.568 
1000 14.76 -2.809 -17.569 
1100 17.545 -0.025 -17.57 
1200 20.33 2.759 -17.571 
1300 23.115 5.543 -17.572 
 






Table 20: In+3HCl = InCl3+3/2H2 
T (K) G (3HCl) G(InCl3) [27], [26] G(rxn) 
298.15 -68.31 -85.764 -17.454 
300 -68.343 -85.745 -17.402 
400 -69.033 -84.523 -15.49 
500 -69.669 -83.155 -13.486 
600 -70.254 -81.717 -11.463 
700 -70.803 -80.274 -9.471 
800 -71.316 -78.822 -7.506 
900 -71.805 -77.359 -5.554 
1000 -72.273 -75.894 -3.621 
1100 -73.485 -74.429 -0.944 
1200 -74.121 -72.964 1.157 




Table 21: Ga+3HCl = GaCl3+3/2H2 
T (K) G(3HCl) G(GaCl3) [27],[26] G(rxn) 
298.15 -68.31 -99.57 -31.26 
300 -68.343 -99.549 -31.206 
400 -69.033 -97.907 -28.874 
500 -69.669 -96.239 -26.57 
600 -70.254 -94.567 -24.313 
700 -70.803 -92.892 -22.089 
800 -71.316 -91.216 -19.9 
900 -71.805 -89.537 -17.732 
1000 -72.273 -87.859 -15.586 
1100 -73.485 -86.181 -12.696 
1200 -74.121 -84.503 -10.382 









Table 22: Ga+NH3 = GaN+3/2H2 
T (K) G(NH3) G(GaN) [25] G(rxn) 
298.15 -3.929 -19.269 -15.34 
300 -3.886 -19.225 -15.339 
400 -1.44 -16.388 -14.948 
500 1.124 -13.538 -14.662 
600 3.769 -10.707 -14.476 
700 6.47 -7.903 -14.373 
800 9.21 -5.129 -14.339 
900 11.975 -2.385 -14.36 
1000 14.76 0.327 -14.433 
1100 17.545 3.039 -14.506 
1200 20.33 5.751 -14.579 
1300 23.115 8.463 -14.652 
 
 
Table 23: Ga+1/2Al2O3 = 1/2Ga2O3+Al 
T (K) G(1/2Al2O3) G(1/2Ga2O3) [24] G(rxn) 
298.15 -189.086 -119.31 69.776 
300 -189.017 -119.243 69.7735 
400 -185.256 -115.172 70.084 
500 -181.491 -111.096 70.395 
600 -177.739 -107.045 70.6945 
700 -174.005 -103.02 70.9845 
800 -170.287 -99.0255 71.2615 
900 -166.581 -95.058 71.5225 
1000 -162.699 -91.1175 71.581 
1100 -158.817 -87.177 71.6395 
1200 -154.935 -83.2365 71.698 









Table 24: Ga+3/4SiO2 = 1/2Ga2O3+3/4Si 
T (K) G(3/4SiO2) G(1/2Ga2O3) G(rxn) 
298.15 -153.562 -119.31 34.25175 
300 -153.501 -119.243 34.258 
400 -150.231 -115.172 35.059 
500 -146.963 -111.096 35.8665 
600 -143.713 -107.045 36.66825 
700 -140.486 -103.02 37.46625 
800 -137.287 -99.0255 38.26125 
900 -134.131 -95.058 39.07275 
1000 -130.997 -91.1175 39.87975 
1100 -127.864 -87.177 40.68675 
1200 -124.73 -83.2365 41.49375 































Al+NH3 = AlN+3/2H2 Al+3HCl = AlCl3+3/2H2
Al+SiO2 = 1/2Al2O3+3/4Si In+3/4SiO2 = 1/2In2O3+3/4Si
In+1/2Al2O3 = 1/2In2O3+Al In+NH3 = InN+3/2H2
In+3HCl = InCl3+3/2H2 Ga+3HCl = GaCl3+3/2H2
Ga+NH3 = GaN+3/2H2 Ga+1/2Al2O3 = 1/2Ga2O3+2Al
Ga+3/4SiO2 = 1/2Ga2O3+3/4Si  





As previously mentioned the thermodynamic studies were carried out to check the 
stability of the crucibles to the solvents under given growth atmosphere. It also allowed 
determining, which solvent will best react with the solutes to give the desired product without 
reacting with the other components. There is not much in the literature which provides the 
thermodynamic data as f (T) for the given temperature range 298.15 to 1000 K, so it was a 
challenging task to find out those data values. Also, no one has approached the problem the way 
we have done it. Other than that, the experiments performed by other research groups are at very 
high temperatures and pressures, so their results could not be used in our system, as we are 
working at much lower temperatures and near-atmospheric pressures. We had significantly less 
problems in our system, less corrosion of the crucibles and the quartz reactors and lower cost. 
Therefore we have more flexibility in choosing the potential materials. 
The above reactions and tables explain the motivating force behind choosing this system 
to grow nitride materials. As seen from the reactions between the crucible materials and other 
components, quartz and ammonia gas is considered first, taking into account the probable 
products such as silicon nitride and silane gas. The gibbs free energy value shows that there is no 
reaction between the above two reactants, as ∆G>0, so reaction is not feasible in the forward 
direction. In the next case, HCl and quartz are explored and the two components do not react as, 
∆G>0. These Gibbs free energy values demonstrate that the quartz reactor can be used as it will 
not be affected by the atmosphere or other components. 
There is no reaction of alumina crucible with either NH3 or HCl, as ∆G>0. This proves 




not show any reaction with any of the components. Therefore alumina and graphite crucibles are 
the best candidates to be used in the growth. But they also should be inert to the solvent used; 
this is discussed in the next section.  
According to the table 15, Al reacts with ammonia gas to form AlN. ∆G<0, shows that 
this reaction is feasible in the forward direction. Al also reacts with HCl and forms AlCl3 but this 
reaction is more feasible than the previous one, as ∆G is more negative in this case. This justifies 
why we had the deposition of a white powder on the quartz tube walls (during the AlGaN 
experiments described in section 3), that white powder was AlCl3. Al, Ga and In do not show any 
reaction with the quartz tube, so it is safe to use the quartz reactor, because it does not react with 
either the solvents or the reactive atmosphere. In and Ga do not react with the alumina crucible. 
In and Ga react with NH3 to form InN and GaN respectively, as the Gibbs free energy for the 
reactions is negative.  
NH4Cl can be used as a nitrogen source, as it decomposes to give ammonia on 
decomposing. Ammonia then reacts to form nitrides with the three Al, In and Ga metallic 
solvents. Also alumina and graphite are ideal crucible materials, as they can go up to the 
temperatures that we are using and they don’t react with either the solvents or the reactive 
atmosphere. Also, since there is no oxygen present in the growth atmosphere, graphite crucible 
can be used. The thermodynamic studies were used as money and time saving strategy and to 




 CHAPTER 3 EXPERIMENTAL 
3.1 Growth Method 
In solution growth, near equilibrium conditions and diffusion-controlled growth result in 
highly homogeneous films, where the stoichiometry is automatically controlled by growth 
conditions such as temperature solution composition and growth atmosphere. 
Due to a relatively low growth temperature, compared to the other growth techniques, the 
concentration of point defects is lower. In green GaP LEDs, this low concentration of point 
defects resulted in very high efficiencies. This could be of high importance also for InGaN, 
especially for highly efficient solar cells and LEDs. 
When all growth and substrate conditions are sufficiently met, the surfaces obtained can 
be extremely flat. We can obtain thick films (to be used as substrates), or also thin films, 
depending on the solvent used and the growth conditions.  
In this work we have used the solution growth method by temperature gradient transport 
technique. As shown in the figures below, figure 8, is for dissolution and re-growth and figure 9, 
is after the growth. There is a temperature gradient between the top and the bottom templates, the 
top one is at higher temperature, T1 and the bottom at lower temperature T2. The atoms from the 
top template dissolve and diffuse from the top substrate towards the bottom one, because of the 
temperature gradient. There were still some residual templates on the top substrates but large 

























3.2 Thermal Optimization 
Importance 
The set point temperature of the regulator usually does not correspond to the real 
temperature in the system. Since the supersaturation required for the growth from solution is 
usually quite low (a few degrees), hence it is necessary to know the temperature gradient in the 
system. To know the exact temperature of the solution at a particular position in order to grow 
better films, temperature calibrations are useful.  
To calibrate the furnace, we placed the quartz liner with the crucible surrounded by the 
quartz reactor and all the ceramic pieces in place. A cooling ring with water flowing through it to 
cool the quartz tube was placed on the top and the reactor was sealed using an airlock system. 
The set up is shown in the figure 10 below, the alumina crucible was 4.5cm in height and the 
alumina tube put inside was 8cm high. 
The temperature measurements were done in the air atmosphere, but because all the 
experiments had to be done under nitrogen atmosphere so we performed measurements using 
nitrogen ambient at 350oC. It emerged out that there was not much deviation of temperature by 






Figure 10: Temperature calibration setup 
 
The comparison of the temperature measurements, without and with nitrogen flow, at a 
set point temperature of 350oC, are shown below. 
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Comparison of measurements with and without a 








































Figure 11: Temperature profile at 350C with and without nitrogen 
The measurements for the different temperatures without any nitrogen flow in the reactor 
are given in figure 12. It was measured at different positions from the bottom of the crucible 
moving upwards.  
The measurements were done over a length (16cm) for the set point of 300oC to get 
estimate the temperature gradient over the length of the quartz liner. Measurements for the other 
temperature values were done from 0cm to 8cm from the bottom of the crucible (which 























































3.3 Preliminary Experiments with AlN and AlGaN 
Preliminary experiments were carried out to understand the system behavior and if there 
is any possibility of explosion due to strong exothermic reactions.  
The preliminary experiments were performed at a lower temperature ~400oC and near 
atmospheric nitrogen pressure. We evaluated the use of NH4Cl as a source of nitrogen to saturate 
the metallic solvent. NH4Cl decomposes at 340oC to form NH3 and HCl as shown in the 
following reaction: 
NH4Cl            NH3+HCl, Td = 340oC 
Ammonia acts as a source of atomic nitrogen in the solution for the growth of nitrides. 
This principle has been applied to LPE of GaN [31], but was never tested in the case of AlN. 
Thus we chose to investigate this method with Al+Ga solvent.  
To perform the preliminary experiments the ratio of Ga:Al was decided from the phase 
diagram of Ga-Al, taking into account the decomposition temperature of NH4Cl.  
At any particular temperature To C,  
a) Al1-x1 Gax1 [Ga poor alloy will be solid, as TmGa = 302.9K and TmAl = 933.47K (fig.13)] 
b) In the second case, Al1-x2 Gax2 (Ga rich alloy is liquid) 
Therefore taking into account the above two options, the ratio of Ga:Al was considered, 

































Figure 13: Ga-Al Phase diagram [32] 
 
A glass slide, and a quartz tube open at both ends, were placed on the hot plate.  An 
aluminum oxide crucible was positioned inside the quartz tube. The tube was covered with a 
ceramic lid, which had openings for nitrogen gas tube, exhaust of the residual gases and inlet to 
put chemicals inside the crucible. The exhaust tube was connected with gas wash bottles to 
neutralize the residual gas coming out of the reaction.  
Experiment 1: 
For the first experiment a 527 mg Al pellet, 365 mg Al foil and 358 mg of NH4Cl powder 
were positioned in the alumina crucible. The alumina crucible was washed, cleaned using 
ultrasonic bath and baked in the furnace overnight to remove all the moisture. This experiment 
was performed to check if there is any explosion when aluminum reacts with ammonium 




foil, Al pellet etc. Al foil and pellet were observed under the optical microscope and pictures 
were taken before the experiment. They were etched using dilute H3PO4 to clean the surface. The 
Al foil with pellet was put in an alumina crucible. The crucible was in turn placed inside a beaker 
and ammonium chloride powder was put on the Al pallet. The beaker was closed using a funnel 
placed upside down, so as to confine the gases emitted during the experiment. The beaker was 
placed on the hot plate and temperature was raised to about 400oC. Within a few minutes a white 
gas emitted and deposited onto the walls of the beaker and the funnel. The gas was AlCl3, which 
formed by the reaction of HCl (formed due to the decomposition of NH4Cl powder) and the Al 
pallet. 
Experiment 2: 
The second experiment was performed using the quartz tube setup. Gas wash bottles were 
connected to the exhaust pipe of the system; 100ml of 10% HCl was used to neutralize the gases. 
A 439gm Al pallet, 800mg Ga melt and 1022mg ammonium chloride powder were taken. After 
etching the Al pallet the chemicals were placed in the alumina crucible. Al and Ga were placed 
next to each other and NH4Cl powder was put on top, sufficient amount of powder was taken so 
that it can cover the Al and Ga surfaces completely. The crucible was placed inside the quartz 
tube and the tube was covered with the ceramic plate. Nitrogen atmosphere was maintained 
inside the tube and the temperature was increased to ~400oC. AlCl3 gas was emitted and got 
deposited on the walls of quartz tube. After the experiment the crucible was taken out and 
analyzed. Ga was solid from outside but it was still liquid inside, that was because of the gallium 
oxide layer formation on exposure to oxygen after the nitrogen supply was switched off. The 




some Ga balls and bubbles and the water became hazy. The water was dried and some powder 
was extracted out of it for further characterizations. Among the entire product there was an 
interesting aggregate of needles. 
Experiment 3: 
Another experiment was performed using the same quartz tube setup, but the method to 
put chemicals in the crucible was varied. An Al pallet weighing 178mg and 3.094 g Ga melt 
were used. In the last experiment Ga separated from Al pellet when cooled down, so in this 
experiment more Ga melt was used so that it can completely cover the Al pellet. Also the 
ammonium chloride powder was introduced once Al and Ga melted and mixed nicely under the 
nitrogen atmosphere. Therefore an Al pallet was dropped in the crucible and covered with Ga 
melt, once the temperature reached ~300oC; 900mg of ammonium chloride powder was dropped. 
The system was heated to ~4000C and then the power was switched off to cool down the system.   
After performing the preliminary experiments, it was apparent that the system works fine. 
However, AlN is a very stable material; hence, we could not get any evident nitride formation. 
Since, GaN and InN are less stable than AlN, we decided to take into account the solid solution 
InGaN for further studies. For the growth of better films it is very necessary to perform the 
experiments under better conditions such as controlled flow of nitrogen, better control of 
temperature. These preliminary experiments were very useful to design the more sophisticated 
experiments, discussed further below. 
3.4 Epitaxial growth of InGaN 
Based on the results we obtained from the thermodynamic studies and the preliminary 




low temperature and pressure. Also it was obvious from the preliminary experiments that AlN is 
very hard to synthesize. Therefore, the solid solution of In and Ga, InGaN was chosen for further 
experiments, also considering its excellent applications in photovoltaic cells. 
Below is the phase diagram of Ga-In, clearly the melting point of Ga is ~30oC is much 

































Figure 15: Schematic of the growth system 
 
Experiment 4 
The InGaN growth experiments were performed in the chamber furnace, at 350oC. A 
graphite crucible was placed in the middle of a quartz reactor. Another quartz glass tube was 
placed between the graphite crucible and the quartz reactor. On the top of the tube, quartz glass 
plates with a hole in the center were placed, to reduce the convection of the gas atmosphere 
above the crucible. An airlock system was installed on the top of the quartz tube, in order to 
prevent any oxygen from entering the system. A vacuum pump was attached with the system and 
the reactor was evacuated and then filled with nitrogen several times.  Also a small nitrogen 
overpressure was maintained in the system in order to avoid oxygen contamination.  
Heating Coils 
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The furnace was the heated to the growth temperature. Weight of required chemicals was 
calculated referring to the phase diagram at this particular temperature.  
mGa = 1360 mg, mAl = 330 mg, mNH4Cl = 310 mg 
 
 
Figure 16: Growth Setup for the growth of InGaN epitaxial films 
 
All the chemicals were placed inside the alumina crucible, which was positioned in a 
quartz tube. A program to heat up, soak and cool down the furnace was set; the temperature 























 Temperature vs Time
 
Figure 17: Temperature cycle (Experiment 4) 
 
Some ammonium chloride powder was placed at the bottom of the crucible. Ga was 
dropped over the powder and it was covered with NH4Cl. An Al pellet was taken and cleaned by 
putting in diluted H3PO4 at 100oC and was then placed over the NH4Cl powder and Ga melt. 
The furnace was heated till 330oC and the solution was soaked at that temperature for 
4hrs. The temperature was increased to 360oC and soaked there for 3 hrs. Eventually, it was 
cooled down to room temperature slowly in 6hrs. According to the phase diagram (fig 12), the 
mixture used should be liquid at 350oC. However, Al pellet did not melt and thus did not form a 




temperatures, so that the components can melt entirely to form a solution and hence a reaction 
can take place. Also we observed some residues at the bottom of the alumina crucible, which 
were not easy to clean. Therefore we decided to use graphite crucible because it is not wet-able 
and is easy to clean. 
Experiment 5 
This experiment was performed with Ga, In, a pressed pellet of AlN, ammonium chloride 
powder and sapphire templates. The InGaN and GaN grown templates were used to provide a 
source of atomic nitrogen from within the solution for the growth of nitrides along with NH4Cl 
powder which dissociates and forms NH3 and HCl. A graphite crucible was used as an 
alternative to alumina crucible, since it can withstand high temperatures and can be very easily 
machined and cleaned. The weight of the chemicals used was: 
mGa = 2.57 gm and mIn = 210 mg 
A sapphire template was placed at the bottom of the crucible. A sintered AlN pellet, Ga 
melt and In piece were dropped over the template. This experiment was performed at 950oC; the 
solution was soaked at this temperature for 12hrs. It was cooled down gradually to room 
temperature. The temperature cycle used in this experiment is shown below in figure 18. After 
the experiment the samples were cleaned with diluted nitric acid and observed under the optical 
microscope. There was growth on the sapphire template which was at the bottom but the one at 
the top dissolved. This was because of diffusion of atoms from top to the bottom template, due to 
the temperature gradient between the two templates. The atoms from the top template, that was 




However, the AlN pellet did not dissolve during the experiment. The samples obtained were 
characterized using AFM and the growth morphology was observed with the optical microscope.  
 


















Figure 18: Temperature cycle (Experiment 5) 
 
Experiment 6 
The heating and cooling cycles used in this experiment were similar to the previous 
experiment; the difference in the cycle was that instead of soaking the solution for 12hrs at 





mIn = 280mg, mGa = 3.94g and mNH4Cl = 290mg 
The heating and cooling cycle used is shown below: 


















Figure 19: Temperature cycle (Experiment 6) 
 
Experiment 7: 
In this experiment Al was used instead of In, Ga and NH4Cl were also used. Two 
templates were taken similar to the previous experiments and placed at the top and the bottom, 
with Al chunk, Ga and NH4Cl between them.  




The same temperature cycle was used as one in the previous experiment. The solution 
was soaked at 950oC for 12hrs. The final product obtained had different growth morphology than 
the previous experiments. 
 
Table 25: Summary of the experiments performed (in the furnace) 
Expt. No. T (oC) Soaking 
Time (hrs) 
mGa (g) mAl (mg) mIn (mg) mNH4Cl 
(mg) 
1 360 3 1.36 330 - 310 
2 950 12 2.57 - 210 310 
3 950 20 3.94 - 280 290 




CHAPTER 4 RESULTS AND DISCUSSIONS 
4.1 Surface Morphology 
Frank (1949) proposed that screw dislocations act as a continuous source of steps on the 
crystal surface which can propagate over macroscopic distances. 
 
Figure 20: Schematic of spiral growth  
 
In the above figure the screw dislocation is initiating at point P, the molecules readily 
come and attach at the step PQ and the growth is normal to the step. The point P is fixed and the 
rest of the step moves in a circular fashion so that its linear velocity is constant and the angular 
velocity decreases as it moves away from P. Hence the step continues to grow and acquires a 
spiral shape until the layer separation is of the order of the radius r* of the critical nucleus. The 
relationship between supersaturation and the inter-step distance has been given by Cabrera and 










19 * =≅  
Where σ= (c-ce)/ ce is the relative supersaturation and c and ce represent the actual and 
equilibrium concentration of the solute and a is the length of the step. 
According to the theory given by Burton, Cabrera and Frank, and Cabrera and Levine, 
the growth velocity depends upon the growth spiral shape for which they used the equation of 
Archimedian spiral, which is given by: 
θ*2 srr =  
Where r and θ are the coordinates of any point on the spiral. This equation holds good for 
the points in a spiral that are not too close to the centre. 
On examining the surface morphology of the film obtained, we looked for the growth 
spirals because they allow estimating mainly the growth parameters, but we observed hillock 
growth on the film. Despite this, the spiral growth can not be excluded, as spirals can have 
different morphologies, not necessarily visible in our studies. The surface of the hillock is 
extremely smooth, without any step over ~3 µm, and size typically ~6-8 µm, as shown in the 






Figure 21: AFM scan for the flatness of the growth hillock of InGaN 
 
In the case of InGaN growth we observed ‘cauliflower shaped’ growth i.e. the surface of 
the hillock was not smooth, it had some disturbances. This is due to impurity adsorption on the 
surface of the hillock. This theory has been given by A.A.Chernov [33], according to the theory 
there is impurity particle incorporation on the surface of the hillock and these impurities tend to 
act as stoppers for the growth of the hillock, at that particular point. Accordingly if the distance 
between the two impurity atoms is less than the diameter of the critical nucleus at a given 
supersaturation, the steps can not overcome the barrier of the stoppers. There is a threshold 





Here, ω is the specific molecular volume of the crystal. 
α is the specific energy of the step riser 




 The steps do not grow below σ* supersaturation. Once the supersaturation σ exceeds σ* 
the kinetic coefficient of the step growth increase rapidly. The same type of growth has been 
shown by the influence of trivalent chromium impurities on the growth of KH2PO4 crystal face 
[33]. 
Comparison of the surface morphology before and after the growth 
Below is the comparison between the surface morphology of the bottom template before 
and after the growth. Before the growth they were fairly smooth but had some dislocations. After 
the growth the growth pattern was in the form of small growth islands. 
 
 
Figure 22: Growth morphology before and after growth 
 
Figure 23 below, shows the source of steps and kinks on the nitride template. Growth 
units attach to the available growth sites and the sites tend to grow evenly in all the directions. 





Figure 23: Schematic of island growth 
 
4.2 Atomic Force Microscope (AFM) Studies 
The surface of the templates was analyzed for their growth patterns using atomic force 
microscope. They had different growth morphologies for different compositions with varying 
ratios of Ga and In, in InGaN. For InGaN, with more Ga ratio, the growth resembled with round 
islands with very smooth surfaces and having some irregularities in the periphery; it was a 
“cauliflower type growth”. On the other hand for the composition with more In ratio, the growth 
was more like platelets; it was sharp rather than round. This kind of morphology has already 
been observed for InGaN and GaN film growth [34]. 
Below is an AFM scan for the hillock step formed on InGaN Growth Island. The step 






Figure 24: AFM scan of growth steps 
 
The following figure 25 shows the surface flatness of the growth hillock. As it can be 







Figure 25: AFM image of a flat surface on the growth island of InGaN 
 
Growth of islands on the templates is apparent from the above AFM scan. These islands 
grow in all the directions uniformly and merge to form smooth epitaxial films. Hence this is a 
proof of the concept, that the solution growth method can be used to grow smoother and better 
films. However, the growth conditions need to be better controlled. 
Another AFM scan shows a hollow core on the surface of the growth island. This could 
be a hollow core spiral, but could turn into a spiral entirely. 
The hollow core theory has been discussed by C. Klemenz [35], according to Frank there 
is a strong stress field on a dislocation, with very large burgers vector and/or small edge free 




meta-stable hollow cylindrical tube forms and the surface energy of the cylindrical tube is 







ro =  
Where µ represents the shear modulus 
And γ is the surface energy of the cylindrical hollow tube 
Frank did not consider the supersaturation of the melt; his analysis was based on elastic 
and capillary components. Supersaturation of the melt is the driving force for the growth; hence 
it is an important parameter and should be considered.  
The radius of the hollow core of the dislocation is given by: 
}1)]/(41{[5.0 5.0 −+=′ ∗∗ rrrr oo  
If r* is very large, ro’ tends to ro and decreases with decreasing r*. 
Below is the AFM scan of the hollow core spiral, the depth of the core (figure 25), is 
typically between 60 to 70 nm and the width is ~200nm. 
For the AFM scan, at a different location on the hollow core (figure 26), the depth is 






Figure 26: AFM micrograph of a hollow core  
 
 





Hollow cores in GaN material have been observed by W. Qian et al. [36] and [37]. W. 
Qian et al. observed long hollow pipes, with few nanometers radius, in the GaN films grown on 
sapphire substrates by organometallic vapor phase epitaxy. The pipes were oriented along (0001) 
direction and had funnel like shapes. These funnels had their wide crater at the GaN free surface 
and were generally hexagonal shaped, although some near circular shaped pipes were also 
present. Also another TEM/HREM studies have been done by S. Ruvimov [38] et al. they have 
analyzed the GaN films grown on SiC and sapphire substrates by MOCVD. The dislocations, 
stacking faults and micropipes in GaN layers were studied for undoped and Si- and Mg-doped 
samples 
Hollow cores have also been observed for other materials, such as oxides, carbides, SiC 




CHAPTER 5 CONCLUSIONS AND FURTHER SCOPES 
This work was a feasibility study to explore various options for the fabrication of III-
Nitrides and their solid solutions. Thermodynamic calculations were performed to investigate the 
reactions among the crucible materials, solvents, substrates and the growth atmosphere. Many 
researchers have attempted to grow nitrides, but most of the studies were done at higher 
temperatures ~ 2000oC and high pressures up to 1GPa. We used an entirely distinctive technique 
to study the thermodynamics of the system and then approach the problem. The thermodynamics 
evaluations were carried out for the first time for the whole range of temperatures from 298.15 to 
1000K. The scope of the experiments was to search for novel ways of synthesis of nitrides.  
The temperature (~950oC) and near-equilibrium pressure values used in our experiments 
allowed more flexibility. Many drawbacks such as crucible corrosion and system degradation 
were avoided due to the low temperatures and pressures.   
Preliminary experiments were conducted in order to determine the best settings and 
design further experiments. Thus, a simple configuration using thermal gradient transport 
between two templates was considered. Two sapphire templates were placed, one at the bottom 
of the crucible and the other at the top. The template at the top was at higher temperature and the 
one at the bottom was at lower temperature. After the growth, the top template dissolved and the 
one at the bottom had growth patterns on it. The atoms from the top template diffused and 
attached to the bottom template. This kind of growth is driven by diffusion in the solution due to 




This morphology can be better controlled by using a rotation mechanism in the solution. 
Now that we have proved that the growth of nitrides is feasible at comparatively lower 
temperatures and pressures, the next step will be to control the growth morphology of the films. 
Other ways can be discovered to apply forced convections to the solution to increase the growth 
kinetics. The rotation of the solution creates better convection pattern and hence smoother films 
can possibly be grown. Various combinations of solvents and sintered nitride pallets instead of 
templates could be used. The growth of thin films can also be tried on bare lattice matched 
substrates (without buffer layers) like ZnO. The work can be extended to the growth of large 
sized wafers.  
This work was primarily a proof of concept. The system and method developed herein 
can potentially be used to grow all nitrides. However, there is still significant development effort 
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